Whether changes in neuronal excitability can cause neurodegenerative disease in the absence of other factors such as protein aggregation is unknown. Mutations in the Kv3.3 voltage-gated K ϩ channel cause spinocerebellar ataxia type 13 (SCA13), a human autosomaldominant disease characterized by locomotor impairment and the death of cerebellar neurons. Kv3.3 channels facilitate repetitive, high-frequency firing of action potentials, suggesting that pathogenesis in SCA13 is triggered by changes in electrical activity in neurons. To investigate whether SCA13 mutations alter excitability in vivo, we expressed the human dominant-negative R420H mutant subunit in zebrafish. The disease-causing mutation specifically suppressed the excitability of Kv3.3-expressing, fast-spiking motor neurons during evoked firing and fictive swimming and, in parallel, decreased the precision and amplitude of the startle response. The dominantnegative effect of the mutant subunit on K ϩ current amplitude was directly responsible for the reduced excitability and locomotor phenotype. Our data provide strong evidence that changes in excitability initiate pathogenesis in SCA13 and establish zebrafish as an excellent model system for investigating how changes in neuronal activity impair locomotor control and cause cell death.
Introduction
The spinocerebellar ataxias (SCAs) are a group of human autosomal-dominant diseases characterized by motor impairment, oculomotor abnormalities, and the death of cerebellar neurons (Paulson, 2009) . These rare monogenic disorders provide an opportunity to investigate pathogenic mechanisms that may contribute to the etiology of more common neurodegenerative diseases. Among SCA mutations that have been molecularly characterized, the majority are nucleotide repeat expansions, suggesting that protein aggregation is central to the development of disease in these cases.
Recently, KCNC3, which encodes the Kv3.3 voltage-gated K ϩ channel, was identified as the gene mutated in spinocerebellar ataxia type 13 (SCA13) (Waters et al., 2006) . SCA13 is the first neurodegenerative disease known to be caused by K ϩ channel mutations (Nelson, 2006) . SCA13 exists in two forms characterized by infant or adult onset depending on the causative mutation, leading to severe maldevelopment or progressive degeneration of the cerebellum, respectively. Kv3.3 channels, like other Kv3 family members, have novel gating properties, including a depolarized activation range, fast activation, and very fast deactivation, that facilitate sustained, high-frequency firing in neurons (Rudy and McBain, 2001 ). Disease-causing mutations alter voltagedependent gating or reduce K ϩ current amplitude, raising the possibility that the locomotor deficits and neuronal loss seen in SCA13 result from changes in the excitability of Kv3.3-expressing cells (Waters et al., 2006; Figueroa et al., 2010) . Although changes in neuronal function have been reported in neurodegenerative diseases caused by abnormal protein accumulation, it has been difficult to determine whether altered activity contributes to pathogenesis (Supnet and Bezprozvanny, 2010) . In contrast, SCA13 provides a novel opportunity to investigate the role of electrical excitability in motor control and neuronal survival in the absence of other complicating factors such as protein misfolding or aggregation.
To determine whether SCA13 mutations alter neuronal excitability in vivo, we expressed a dominant-negative SCA13 mutant subunit in the zebrafish, Danio rerio. We now report that the SCA13 mutation specifically suppresses the excitability of Kv3.3-expressing, fast-spiking neurons in zebrafish. In parallel, the precision and amplitude of the startle response, a behavior that incorporates the fastest and largest-amplitude movements in the zebrafish repertoire, are significantly reduced. Decreased excitability and the locomotor phenotype are directly attributable to the dominant-negative properties of the SCA13 mutant subunit. Our results support the conclusion that changes in neuronal excitability initiate pathogenesis in SCA13 and establish zebrafish as
Materials and Methods
Materials. The human Kv3.3 plasmid was a kind gift from Dr. James L. Rae (Mayo Foundation, Rochester, MN) (Rae and Shepard, 2000; Waters et al., 2006) . The R420H mutation was introduced using QuikChange (Agilent) (Waters et al., 2006) .
The znp-1, zn-8, and 39.4D5 (anti-Islet) mouse monoclonal antibodies were obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of Child Health and Human Development and maintained by the University of Iowa. Goat-␣-mouse Alexa Fluor-488, goat-␣-rabbit Alexa Fluor-594, and ␣-bungarotoxin (␣-BgTx) Alexa Fluor-647 were obtained from Invitrogen.
Anti-Kv3.3 antibodies were raised in rabbits by Covance Research Products against the peptide epitope CRIGADPDDPTASAHTAFK (Mock et al., 2010) . The N-terminal cysteine residue was added to couple the peptide to keyhole limpet hemocyanin. The epitope sequence (lacking the cysteine) is unique in the zebrafish genome (Zv8) and is located between the S5 transmembrane segment and reentrant pore loop of Kv3.3a, which is encoded by the kcnc3a gene (Mock et al., 2010) . In other zebrafish kcnc gene products, the analogous sequence differs by 2-7 residues. Antibody specificity was assessed on immunoblots using protein translated in vitro for wild-type kcnc3a or kcnc gene sequences that differ in the epitope by 2 or 4 aa. Only the kcnc3a sequence was labeled, suggesting that the antibodies are specific for Kv3.3a (data not shown).
Animal maintenance and generation of transgenic zebrafish line. Animal procedures were approved by the Chancellor's Animal Research Committee at University of California at Los Angeles (UCLA). Zebrafish (Danio rerio) were housed at the UCLA Zebrafish Core Facility at 28°C using a 14 h/10 h light/dark cycle and bred to obtain embryos.
A transgenic line of zebrafish, Tg , that specifically expresses enhanced green fluorescent protein (EGFP) under the control of the motor neuron enhancer from the mouse MNX1 (Hb9) gene was generated using a Tol2 vector (Kawakami et al., 2004 ). An XhoI-BamHI fragment containing the EF1p promoter upstream of the EGFP coding sequence was removed from the pT2KXIG vector and replaced by a minimal promoter from the zebrafish gata2 gene (Kawakami et al., 2004; Yang et al., 2007) . The 125 bp motor neuron enhancer element was amplified from the plasmid pBlu2SKP-Hb9-␤glo-EGFP, kindly provided by Dr. Steven A. Goldman (University of Rochester, Rochester, NY) (Nakano et al., 2005) . Three copies of the enhancer were inserted upstream of the gata2 promoter and the EGFP coding sequence. Plasmid DNA and in vitro transcribed RNA encoding transposase were coinjected into single-celled, wild-type (AB) zebrafish embryos, which were raised to sexual maturity and bred. Germline transgenic animals were identified in the F1 generation by EGFP expression in spinal cord motor neurons. A line expressing green fluorescent protein under the control of the zebrafish Hb9 motor neuron enhancer has been reported previously (Flanagan-Steet et al., 2005) .
Immunocytochemistry. At 24, 48, or 72 hpf (hours postfertilization), zebrafish embryos of either gender were fixed in 4% paraformaldehyde in PBS at 4°C for 3-4 h with gentle agitation (Tallafuss et al., 2009 ). Embryos were rinsed twice for 5 min in PBS at room temperature, incubated 1-2 h at 4°C in blocking buffer (5% normal goat serum, 2% bovine serum albumin, 0.1% Triton X-100 in PBS), and then incubated overnight at 4°C in primary antibody diluted in PBS. Embryos were washed in PBS containing 0.1% Triton X-100 (PBST) for 1-2 h at room temperature and then incubated in secondary antibody diluted in blocking buffer from 2 h to overnight at 4°C. Primary antibodies were used at the following dilutions: anti-Kv3.3, 1:2000; znp-1, 1:1000; zn-8, 1:400; 39.4D5, 1:100. The goat-anti-mouse Alexa Fluor-488 (green) and goat-antirabbit Alexa Fluor-594 (red) secondary antibodies were diluted 1:1000 and 1:700, respectively. Embryos were washed for 1-2 h in PBST, stored in 80% glycerol in PBS, and mounted in 80% glycerol with Fluoroguard (DuPont).
Fixed embryos were labeled with ␣-BgTx Alexa Fluor-647 (pseudocolored green and magenta; see Fig. 2 B, C, respectively) at 5 g/ml in 1% DMSO, 5% normal goat serum in PBS for 30 min at room temperature, rinsed in PBS, and then labeled with primary and secondary antibodies as described above (Ono et al., 2001) .
Images were acquired at the maximum resolution of 1024 ϫ 1024 pixels using a Leica DM IRBE laser-scanning confocal microscope mounted with a TSC SP scanhead. The microscope was equipped with an oil-immersion, Plan Apochromat 40ϫ objective with a numerical aperture of 1.25. Emission of the red and green fluorophores was detected using independent photomultiplier tubes. Color channels were captured sequentially and merged using Leica TCS NT software. Images show individual optical sections (0.4884 m).
Electrophysiology. RNA encoding the human Kv3.3 R420H mutant subunit (50 -100 pg) and EGFP (20 -40 pg) or EGFP alone (20 -40 pg) was transcribed in vitro and injected into cells of AB (wild-type) zebrafish embryos at the one-cell stage. Embryos were placed in a 27.5°C incubator with a 14/10 h light/dark cycle using light-emitting diode strips. Animals expressing EGFP at moderate to bright intensities in their bodies were selected at 24 h using a Zeiss epifluorescence microscope, manually dechorionated, and returned to the incubator. Animals with dim fluorescence or EGFP expression in the yolk but not in the body were not used in our experiments.
Zebrafish embryos (2-3 days postfertilization) were anesthetized and paralyzed in recording solution containing 0.02% tricaine (MS-222) and 10 M D-tubocurarine (Sigma). Under an Olympus BX51W1 upright microscope equipped with a 40ϫ water-immersion objective, the animals were pinned on their sides onto a Sylgard-coated Petri dish using two fine micro pins (1 mm diameter) inserted through the notochord at the belly and anus. To expose the spinal cord, the skin was removed using a glass needle. The embryos were bathed in 0.05% collagenase (type XII, Sigma) for ϳ5 min. The preparation was then superfused continuously (ϳ1 ml/min) with oxygenated Evan's solution containing 10 M D-tubocurarine and (in mM): 134 NaCl, 2.9 KCl, 2.1CaCl 2 , 1.2 MgCl 2 , 10 HEPES, 10 glucose, adjusted to pH 7.8, 290 mOsm. Muscle fibers were removed using a patch pipette controlled with a micromanipulator. Muscle cells were removed by aspiration with a broken electrode.
Whole-cell patch-clamp recordings were made at room temperature (22°C) at 48 -72 hpf from caudal primary (CaP) motor neurons in RNAinjected animals (Buss and Drapeau, 2001; Buss et al., 2003) . EGFPexpressing transgenic fish [Tg(Mmu.MNX1-MNE:EGFP)] served as uninjected controls in electrophysiological experiments. CaP neurons were identified based on their position and distinctive morphology, including a large cell body located dorsal to the ventral root and long axonal projection extending into the deep ventral musculature (Fig. 1) . We confirmed that patch-clamped neurons were indeed CaP cells by filling them with sulforhodamine B via the patch pipette (see Fig. 4 B) . The intrinsic membrane properties of CaP neurons did not differ significantly between uninjected (n ϭ 9) and R420H ϩ EGFPinjected (n ϭ 9) animals. Resting membrane potentials and input resistances averaged Ϫ62 Ϯ 4 mV and Ϫ66 Ϯ 5 mV, and 162 Ϯ 19 M⍀ and 164 Ϯ 31 M⍀ in control and R420H-expressing CaP neurons, respectively. All values are provided as mean Ϯ SEM. Cell body capacitance averaged 9.01 Ϯ 0.11 pF, 9.01 Ϯ 0.08 pF, and 8.95 Ϯ 0.07 pF in transgenic, EGFP-injected, and R420H ϩ EGFP-injected animals, respectively. These results are in excellent agreement with the previously reported value of 8.85 pF for CaP soma capacitance .
Borosilicate glass pipettes had resistances of ϳ8 M⍀ and were filled with the following (in mM): 116 K gluconate, 2 MgCl 2 , 10 HEPES, 10 EGTA, 4 Na 4 ATP, 16 KCl, pH 7.2, 290 mOsm). Voltage-and currentclamp protocols were generated by a Multiclamp 700B amplifier using a Digidata 1440A interface (Molecular Devices). Data were acquired with pClamp 10.0 software, low-pass filtered at 10 kHz, and analyzed off-line with Clampfit 10.0 (Molecular Devices).
Action potential firing was evoked in current-clamp mode by injecting depolarizing currents ranging from 10 to 800 pA in 60 pA increments for 600 ms. The interpulse interval was 5 s. Average firing frequencies were measured from pulses in which current injection brought the membrane potential to ϳϪ44 mV. Spike amplitude and duration were compared by averaging the first action potentials in trains evoked from an initial voltage of ϳϪ44 mV. Mean values for the initial membrane potential after current injection were Ϫ43.4, Ϫ44.9, and Ϫ43.4 mV for uninjected, EGFP-injected, and R420H ϩ EGFP-injected neurons, respectively. The initial voltage for each action potential was adjusted to the appropriate mean value (given above) before averaging using 0.2 ms windows. Averaged action potential amplitudes were measured relative to the mean initial membrane potential.
Tonic bursting activity was recorded during fictive swimming that occurred spontaneously or in response to turning on the microscope light. Episodes of fictive swimming typically lasted 1-2 min. Burst duration, interburst duration, and number of spikes per burst were measured manually using Clampfit. Values reported for the number of spikes per burst represent the averages of three consecutive burst oscillations.
Voltage-dependent ionic currents in CaP neurons were recorded in voltage-clamp mode. Series resistance was compensated by ϳ80%. The membrane potential was stepped from Ϫ70 mV to voltages ranging from Ϫ65 to ϩ65 mV in 5 mV increments, with a pulse duration of 50 ms and an interpulse interval of 1 s. Linear and capacitive currents were subtracted using a P/Ϫ4 protocol. Capacitive transients in CaP neurons were not well fitted by a single exponential function, indicating that inadequate space clamp may introduce systematic errors in measurements of current amplitude. It is important to emphasize that these systematic errors apply equally to CaP neurons in uninjected, EGFP-injected, and R420H ϩ EGFP-injected animals and therefore cannot account for differences in outward current amplitudes measured in these groups (see Fig. 7 ).
Behavioral analysis. RNA encoding R420H and EGFP or EGFP alone was injected into single-celled embryos, and animals expressing EGFP somatically were selected at 24 h as described above. Animals with dim fluorescence or EGFP expression in the yolk but not in the body were not assayed. AB (wild-type) zebrafish served as uninjected controls in behavioral experiments. Behavioral assays were conducted on morphologically normal animals between 55 and 60 hpf in a room warmed to 27-28°C. After behavioral analysis, animals were used in electrophysiological experiments as described above.
Embryos were placed in a depression slide on the stage of a Zeiss Stemi-2000C microscope. Startle responses were evoked by gentle prodding with a fine insect pin applied to the skin of the tail over the yolk sac. In zebrafish, the startle response can be elicited by a variety of sensory stimuli, including tactile, visual, and vibrational signals (Burgess and Granato, 2007; Portugues and Engert, 2009) . It is worth noting that physical contact between the probe and the animal was required to evoke the startle response in our experiments. Approach of the probe through the water did not elicit any detectable reaction. The requirement for physical contact also indicates that the behavior was not visually evoked. Therefore, tactile simulation, mediated by sensory neurons that innervate the skin, elicited the startle responses analyzed in our experiments.
Behavioral responses were captured using a high-speed digital video camera (Redlake MotionMeter or AOS X-PRI) at 1000 frames per second (fps). Each animal was assayed 2-3 times in succession at 2-3 min intervals to avoid habituation. Frames showing the animal's orientation before the response, the maximal C-start angle, and the maximal counterbend were extracted from each video. The frame before the response was used to determine the original trajectory of the animal, which was defined by a line drawn from the front of the head to the tip of the tail. The angular deviations of the head and tail from this trajectory were measured from the frame corresponding to the maximal C-start to obtain the change in head trajectory and total C-start angle (see Fig. 8 D) . The animal's second body bend was designated as the counterbend regardless of its angle or direction. The counterbend angle was determined by drawing a line tangential to the body at the midpoint of the bend and measuring the sum of the head and tail angles from that line (see Fig. 8 D) .
Results

Kv3.3 channels are expressed in fast-spiking primary motor neurons
To determine the effect of a SCA13 mutation on excitability in vivo, we first identified a population of Kv3.3-expressing neurons in zebrafish. In mammals, Kv3.3 is prominently expressed in cerebellar neurons and spinal cord motor neurons where it is localized to axons and synaptic terminals (Brooke et al., 2004; Chang et al., 2007) . We investigated whether Kv3.3 is found in spinal cord neurons in zebrafish because the development of the spinal cord has been studied extensively (Lewis and Eisen, 2003) . Distinct classes of neurons have been identified, each with characteristic birthdates and patterns of migration and process extension. This includes the three primary motor neurons found in each hemisegment, CaP, MiP (middle primary), and RoP (rostral primary) (Fig. 1) . The architecture of the zebrafish spinal cord is reliably reproduced from segment to segment and between different animals.
Antibodies were raised against an 18 aa peptide epitope in Kv3.3a, which is encoded by the zebrafish kcnc3a gene (Mock et al., 2010) . Zebrafish embryos were stained with anti-Kv3.3 antibodies at 24, 48, and 72 hpf. Labeling was observed as early as 24 hpf (data not shown). At 48 hpf, a long process extending into the ventral musculature was labeled in each hemisegment (Fig. 2 A) . This pattern strongly resembles the distinctive morphology of CaP motor neuron axons ( Fig. 1) . Double labeling at 48 hpf with the anti-Kv3.3 antibody and a monoclonal antibody, znp-1, which labels the axons and nerve terminals of primary motor neurons, confirmed that Kv3.3 is expressed in the axons of CaP motor neurons (Fig. 2 A) (Trevarrow et al., 1990; Fox and Sanes, 2007) . Kv3.3 staining was also detected in CaP cell bodies, which were located in a different optical section from that shown in Figure 2 A (data not shown).
In mammals, Kv3.3 is expressed at the presynaptic side of the neuromuscular junction (Brooke et al., 2004) . To determine whether Kv3.3 is expressed at synaptic sites in zebrafish, embryos were double labeled with anti-Kv3.3 antibodies and fluorescently labeled ␣-BgTx (pseudo-colored green), which binds to postsynaptic acetylcholine receptors at the neuromuscular junction (Fig.  2 B) (Ono et al., 2001 ). At 48 hpf, ␣-BgTx and Kv3.3 labeling were juxtaposed at synaptic sites, which at this stage of development appear as en passant synaptic contacts on or near the axon shaft . Each hemisegment contains one CaP, one MiP, and one RoP neuron. Locations of spinal cord, notochord, and ventral myotome are indicated. Dashed horizontal line is the horizontal myoseptum. Dashed chevrons mark the hemisegment boundaries. (Fig. 2 B) (Lefebvre et al., 2004) . At 72 hpf, Kv3.3 staining was detected on branches extending from the CaP axon shaft that strongly resemble more mature motor neuron terminals (Fig. 2 B) .
Kv3.3 staining was also detected in the axons of MiP motor neurons, which innervate the dorsal musculature (Figs 1,  2C ). Kv3.3 labeling was juxtaposed with ␣-BgTx staining and closely associated with znp-1 staining in MiP axons (Fig.  2C ). In addition, Kv3.3 staining was detected in an anterior/posterior track ventral to motor neuron cell bodies in the spinal cord (Figs. 2, 3) . Some of this signal may arise from the axons of primary motor neurons, notably RoP, which course through the spinal cord to the ventral root where CaP, MiP, and RoP axons exit together into the periphery (Fig. 1 ). We have not investigated possible Kv3.3 expression in RoP neurons in detail, however, because at this stage of development, the peripheral RoP axon is difficult to identify unambiguously . We conclude that Kv3.3 is expressed in CaP and MiP (and possibly RoP) motor neurons in the zebrafish spinal cord.
To investigate whether Kv3.3 is expressed in the cell bodies of spinal cord sensory and secondary motor neurons, embryos were double labeled with antiKv3.3 antibodies and 39.4D5, a monoclonal antibody raised against rat Islet-1 (Fig.  3A) (Ericson et al., 1992) . The Islet proteins are nuclear transcription factors expressed in motor and sensory neurons in the zebrafish spinal cord early in development (Pineda et al., 2006) . Although Islet-1 is expressed in the somas of all motor neurons, the optical section in Figure  3A predominantly shows the cell bodies of secondary motor neurons, which arise later and are more numerous than primary motor neurons ). We did not detect juxtaposition of 39.4D5 and Kv3.3 labeling in these motor neuron cell bodies (Fig. 3A) . Furthermore, we did not detect Kv3.3 expression in the cell bodies of Rohon-Beard sensory neurons, which are also labeled by 39.4D5 (Fig. 3A ) (Pineda et al., 2006) .
To investigate whether Kv3.3 is expressed in the axons of secondary motor neurons, embryos were double labeled with anti-Kv3.3 antibodies and zn-8, a monoclonal antibody that specifically stains the soma and fasciculated axons of secondary motor neurons (Trevarrow et al., 1990) . The labeling patterns were distinct (Fig. 3B) . Although the axons of CaP and secondary motor neurons were closely apposed, consistent with a role for CaP axons in pioneering the outgrowth of secondary motor neuron axons, labeling of Kv3.3 and zn-8 was restricted to separate axonal processes and showed no significant overlap (Fig. 3B ) .
It is important to note that failure to detect staining with the Kv3.3 antibody does not exclude the possibility that unlabeled cells express Kv3.3. Furthermore, Kv3.3 may be expressed in cell types that have not been investigated here. However, the apparent expression of Kv3.3 in primary but not secondary motor neurons is consistent with the physiological roles of these cells. In zebrafish, there are 3 primary motor neurons per segment on each side of the body (Fig. 1) . They develop early, innervate fast-twitch muscle, and control rapid, large-amplitude movements including fast swimming and the startle response Liu and Westerfield, 1988; McLean et al., 2007) . Primary motor neurons are fast-spiking cells that drive high-frequency muscle contractions (Buss and Drapeau, 2001; Buss et al., 2003; McLean et al., 2007) . In contrast, secondary motor neurons innervate slow-twitch muscles that control slow swimming characterized by low-frequency muscle contractions (Liu and Westerfield, 1988; McLean et al., 2007) .
Expression of R420H specifically reduces the excitability of CaP motor neurons
To investigate the effect of a SCA13 mutation on neuronal excitability in vivo, we expressed the human dominant-negative R420H subunit in zebrafish. The R420H mutation, located in the S4 segment of the voltage sensor domain, causes adultonset, progressive ataxia associated with progressive degeneration of the cerebellum (Waters et al., 2006) . Incorporation of R420H subunits into tetrameric Kv3 channels suppresses K ϩ current amplitude by a dominant-negative mechanism. Importantly, R420H is incapable of forming active K ϩ channels on its own and is therefore expected to be functionally silent in cells that do not express endogenous, wild-type Kv3 subunits (Waters et al., 2006) . In contrast, in Kv3-expressing cells, R420H is expected to lower Kv3 current amplitude by a dominant-negative mechanism.
RNA encoding R420H and EGFP or EGFP alone was injected into the cell of single-celled, wild-type (AB) embryos. Successfully injected animals were identified at 24 hpf by EGFP expression in their bodies. Current-clamp recordings were made in the whole-cell patch configuration at 48 -72 hpf from CaP neurons in RNA-injected animals (Fig. 4 A) . Recordings were also made in uninjected animals using a transgenic zebrafish line [Tg(Mmu. MNX1-MNE:EGFP)] that expresses EGFP under the control of the mouse MNX1 (Hb9) motor neuron enhancer, which made it easier to identify CaP neurons during these control experiments (Nakano et al., 2005) (Fig. 4 A) . To confirm that the patch-clamped neurons were indeed CaP cells, they were filled with sulforhodamine B introduced via the patch pipette (Fig. 4 B) .
Action potential firing was evoked by injecting depolarizing current. Expression of the R420H subunit affected evoked firing in two ways. First, the R420H subunit significantly reduced the average firing rate compared with EGFP-injected or uninjected controls (Fig. 4 A, C) . In addition, R420H-expressing CaP neurons often ceased firing before the end of the 600 ms pulse (Fig.  4 A, D) . In contrast, the majority of neurons from uninjected and EGFP-injected animals sustained firing throughout the pulse. The finding that R420H expression decreases neuronal excitability is consistent with the special role of Kv3 channels in facilitating high-frequency, repetitive firing (see Discussion) (Rudy and McBain, 2001) .
We also assessed the effect of the SCA13 mutant subunit on motor neuron activity during fictive swimming (Fig. 5) . In fictive swimming, motor neurons on opposite sides of the body fire in an alternating burst pattern driven by a central pattern generator. In zebrafish, fictive swimming can occur spontaneously or be evoked by turning on the light (Masino and Fetcho, 2005) . Bursting activity during fictive swimming was recorded in current-clamp mode from uninjected control or R420H-expressing animals (Fig. 5A) . The R420H subunit significantly decreased the number of spikes per burst, consistent with the reduced excitability seen during evoked firing in CaP motor neurons (Fig. 5B) . We conclude that expression of the SCA13 mutant subunit significantly suppresses the excitability of CaP motor neurons during both evoked activity and fictive swimming.
In contrast, the R420H subunit had no significant effects on burst duration or interburst interval during fictive swimming (Fig. 5B) . The time course of the alternating firing pattern during fictive swimming is controlled by neurons of the central pattern generator rather than by the CaP motor neurons. This ensures that CaP firing on opposite sides of the body alternates in a strict fashion. Our results indicate that expression of the SCA13 mutant subunit affects the intrinsic excitability of CaP motor neurons but has no detectable effect on the activity of neurons that constitute the central pattern generator. Although we did not record simultaneously from CaP neurons on both sides of the body, we are confident that the activity of the central pattern generator evoked alternating motor neuron firing. In zebrafish, disrupting this pattern generates an accordion phenotype, characterized by a shortened body and an abnormal, scooting form of locomotion caused by simultaneous, bilateral muscle contractions (Hirata et al., 2005) . In contrast, the zebrafish used in our experiments swam normally and had normal body lengths. The specific effect of the R420H subunit on CaP motor neurons is consistent with the finding that Kv3.3 expression was detected in primary motor neurons but not in other types of spinal cord neurons.
We also assessed whether the R420H mutant subunit affected the properties of individual action potentials in CaP motor neurons. Action potentials in R420H-expressing neurons tended to be smaller in amplitude and longer in duration than those in cells from EGFP-injected or uninjected animals, although these trends did not reach the level of statistical significance (Fig. 6) .
Expression of R420H decreases K
؉ current amplitude in CaP motor neurons To verify that the R420H subunit exerted a dominant-negative effect in zebrafish, we measured the amplitude of outward K ϩ currents in CaP motor neurons in voltage-clamp mode. We found that the SCA13 mutant subunit significantly reduced the amplitude of outward currents in CaP neurons compared with EGFP-injected or uninjected controls (Fig. 7 A, B) . At ϩ60 mV, the amplitude of the peak outward current was reduced by ϳ34% in R420H-expressing cells, suggesting that Kv3 channel activity constitutes a significant fraction of the outward current in CaP motor neurons at this stage in development (Fig. 7B) . In contrast, the R420H subunit had no significant effect on the amplitude of inward currents (Fig. 7 A, C) . We conclude that expression of the SCA13 mutant protein specifically suppressed the amplitude of outward currents in CaP motor neurons, consistent with the dominant-negative effect of the R420H subunit on Kv3 channel activity.
Expression of SCA13 dominant-negative subunit reduces precision and amplitude of the startle response
We also investigated the effect of the R420H mutation on zebrafish locomotion. Animals injected with R420H and EGFP RNA or EGFP RNA alone developed normally, with no obvious delay and no gross locomotor deficits. Spontaneous coiling of the tail emerged on schedule and the animals were able to swim in response to tactile stimuli starting at ϳ27 hpf (Brustein et al., 2003) .
We investigated the effect of the R420H dominant-negative subunit on the startle response to an unexpected tactile stimulus, a behavior that is driven by the Kv3.3-expressing CaP motor neurons that innervate the deep ventral musculature (Fig. 1) (Liu and Westerfield, 1988) . The startle response, which comprises the fastest and largest-amplitude movements in the zebrafish locomotor repertoire, is an early-arising behavior mediated by a simple neural circuit (Fig. 8 A) (Liu and Fetcho, 1999; Korn and Faber, 2005) . Tactile stimuli are detected by sensory neurons, Figure 5 . R420H subunit reduces the number of spikes per burst in CaP neurons during fictive swimming. A, Bursting activity was recorded from uninjected (top) or R420H ϩ EGFP-injected (bottom) animals. B, R420H expression significantly reduced the number of spikes per burst (left) but had no effect on burst duration (middle) or interburst interval (right) compared with uninjected controls. The average numbers of spikes per burst were 11.3 Ϯ 1.4 (n ϭ 9) and 5.9 Ϯ 0.3 (n ϭ 9) in control and R420H ϩ EGFP-injected animals, respectively. Values are provided as mean Ϯ SEM *p Ͻ 0.05 by Mann-Whitney U test.
including trigeminal neurons that innervate the skin of the head and Rohon-Beard neurons that innervate the skin of the tail. Sensory neurons synapse onto one of two bilaterally symmetric Mauthner cells located in segment 4 and onto serial homologs in the next two segments. Upon activation, a Mauthner cell fires a single action potential that initiates the startle response. The startle response is all or none. If the Mauthner cell fires, a startle response ensues. Mauthner cell axons cross the midline to activate contralateral motor neurons, notably Kv3.3-expressing CaP motor neurons, as well as interneurons responsible for reciprocal inhibition of the ipsilateral motor neurons. Muscles on the contralateral side contract, generating a deep bend called the C-start, turning the animal away from the potential threat (Fig. 8 B, C) . A subsequent counterbend is followed by rapid swimming away from the stimulus.
The startle response was assayed at 55-60 hpf in zebrafish injected with RNA encoding R420H plus EGFP or EGFP alone. Uninjected AB wild-type animals were also assayed. The startle response was evoked by a gentle but unexpected prod applied to the tail above the yolk sac using a fine insect pin. The behavioral response was recorded by a high-speed digital camera at 1000 fps. Each animal was tested 2 or 3 times in succession with an interval of 2-3 min between assays to prevent habituation.
Zebrafish expressing the R420H dominant-negative subunit responded to tactile stimuli with recognizable startle responses (Fig. 8C) . To compare the behavior of R420H ϩ EGFP-injected, EGFP-injected, and uninjected control animals quantitatively, we measured the change in head trajectory, the maximal C-start angle, and the maximal counterbend angle (Fig. 8 D) . Frames showing the animal's original trajectory, maximal C-start bend, and maximal counterbend were extracted from the video. The change in head trajectory and the total C-start amplitude were determined relative to the animal's original orientation. The maximal counterbend amplitude was determined as the sum of the angles of the head and tail relative to a straight line tangent to the animal's body.
Expression of the R420H subunit significantly reduced the mean change in head trajectory, C-start angle, and counterbend angle during the startle response (Fig. 9A-C, left) . For example, in EGFP-injected zebrafish, the change in head trajectory averaged 172 Ϯ 5°, turning the animal almost directly away from the stim- Figure 6 . R420H subunit increases action potential duration. The figure shows averaged action potential shapes recorded in CaP motor neurons in uninjected (black, n ϭ 9), EGFPinjected (blue, n ϭ 5), and R420H ϩ EGFP-injected (red, n ϭ 9) animals. Mean peak amplitudes were 51.3 Ϯ 3.6, 48.6 Ϯ 5.5, and 41.8 Ϯ 10.1 mV for uninjected, EGFP-injected, and R420H ϩ EGFP-injected animals, respectively. Spike durations measured at half-amplitude averaged 2.5 Ϯ 0.31, 2.5 Ϯ 0.35, and 3.7 Ϯ 0.78 s for uninjected, EGFP-injected, and R420H ϩ EGFP-injected animals, respectively. Action potentials in R420H-expressing CaP neurons tended to be smaller in amplitude and shorter in duration than those in control cells, but the measured values did not differ significantly (one-way ANOVA, p Ͼ 0.05). Top, Values are shown as mean Ϯ SEM. Bottom, Error bars are omitted for clarity. ulus. In R420H ϩ EGFP-injected fish, the average change in head trajectory decreased significantly to 143 Ϯ 6°. The maximal C-start and counterbend angles were similarly affected (see legend to Fig. 9 ). In addition, the SCA13 mutant subunit increased the range of angles measured for each parameter. In contrast, the average values and range of angles measured in animals expressing EGFP alone and in uninjected animals were quite similar (Fig.  9) . During the counterbend, R420H-expressing animals occasionally turned in the wrong direction, that is, in the same direction as the C-start, a behavior that was not observed in EGFP-injected or uninjected zebrafish in our experiments.
To compare the distributions of the measured parameters, the results obtained with R420H ϩ EGFP-injected and EGFP-injected zebrafish were binned and plotted in histogram form (Fig. 9A-C,  right) . The changes in head trajectory and counterbend angles were well fitted by normal distributions in R420H ϩ EGFP-and EGFP-injected animals ( Fig. 9 A, C) . In the R420H-expressing zebrafish, the peaks of the distributions were significantly shifted to smaller angles and the widths significantly increased compared with control animals. Although the C-start response angles were normally distributed in EGFP-injected fish, data obtained with R420HϩEGFP-injected animals were not well fitted by a Gaussian function (Fig. 9B) . The binned data showed that in R420H-expressing animals the C-start angles covered a larger range, with prominent skewing to smaller responses compared with EGFPinjected controls. The smaller average values and increased range of response angles measured for the three parameters indicate that expression of the R420H subunit significantly reduced the ; maximum counterbend angle (C). In C, a negative counterbend angle indicates that the counterbend and the C-start were in the same direction. Mean change in head trajectory: uninjected, 193 Ϯ 8°(n ϭ 43 assays, conducted on 16 animals); EGFP-injected, 172 Ϯ 5°(54 assays on 22 animals); R420H ϩ EGFP-injected, 143 Ϯ 6°(79 assays on 27 animals). Values are provided as mean Ϯ SEM. R420H differed significantly from EGFP and uninjected, p Ͻ 0.001 by one-way ANOVA followed by Student's t test. Mean maximum C-start angle: uninjected, 252 Ϯ 5°(42 assays); EGFP, 245 Ϯ 5°(54 assays); R420H ϩ EGFP, 213 Ϯ 6°(79 assays). Values are provided as mean Ϯ SEM. R420H differed significantly from EGFP and uninjected, p Ͻ 0.001 by one-way ANOVA followed by Student's t test. Mean maximum counterbend angle: uninjected, 111 Ϯ 5°(38 assays); EGFP, 115 Ϯ 4°(49 assays); R420H, 79 Ϯ 8°(72 assays). R420H differed significantly from EGFP and uninjected, p Ͻ 0.01 by one-way ANOVA followed by Student's t test. There were fewer counterbend measurements because the head or the tail was sometimes out of frame during this phase of the response. In the right panels, results from startle response assays performed on EGFP-injected (open bars) or R420 ϩ EGFP-injected (black bars) animals have been binned and plotted versus percentage of total responses: change in head trajectory (A), maximumC-startangle(B),maximumcounterbendangle(C).InAandC,binneddatahavebeen fittedwithGaussianfunctionsoftheformyϭ(A/(w* ͌ (/2)))*exp(Ϫ2*((xϪx c /w) ∧ 2),whereA is area, w is width at half-maximal amplitude, and x c is center of the distribution. The fits are superimposedonthehistograms:EGFP-injected,dashedline;R420HϩEGFP-injected,solidline.Thefitted distributions of change in head trajectory (A) and maximum counterbend angle (C) for EGFP-and R420H ϩ EGFP-injected animals differed significantly, p Ͻ 0.01 using F test in Origin 7. Fitted parameters, change in head trajectory: EGFP, A ϭ 100.6 Ϯ 0.8, w ϭ 1.59 Ϯ 0.01, x c ϭ 4.9 Ϯ 0.01; R420H, A ϭ 99.9 Ϯ 2.8, w ϭ 2.18 Ϯ 0.07, x c ϭ 4.4 Ϯ 0.04. Fitted parameters, maximum counterbend angle: EGFP, A ϭ 96.1 Ϯ 2.8, w ϭ 1.1 Ϯ 0.04, x c ϭ 5.9 Ϯ 0.03; R420H, A ϭ 96.5 Ϯ 4.5, w ϭ 1.9 Ϯ 0.1, x c ϭ 5.3 Ϯ 0.05. Data in B, right panel, were not fitted because the R420H results were not well described by a normal distribution. strength and reproducibility of muscle contractions during the startle response.
Discussion
SCA13 mutation reduces neuronal excitability and impairs locomotor behavior
Our results provide the first demonstration that SCA13 mutations alter excitability in vivo, strongly supporting the idea that changes in neuronal activity initiate pathogenesis in SCA13 in humans. We have shown that expressing a dominant-negative SCA13 mutant subunit decreases the excitability of Kv3.3-expressing, fast-spiking neurons in zebrafish. During evoked activity, CaP neurons expressing the R420H subunit fired at a lower average frequency and exhibited a reduced capacity for sustained firing compared with control cells. During fictive swimming, the R420H subunit decreased the number of spikes per burst. The effects of the mutant subunit on CaP excitability were specific because burst properties controlled by neurons of the central pattern generator were unaffected.
Primary motor neurons, particularly CaP, which sends its axons deep into the ventral musculature, drive the rapid, largeamplitude muscle contractions that underlie the startle response (Liu and Westerfield, 1988; Liu and Fetcho, 1999; McLean et al., 2007; McLean and Fetcho, 2009 ). Expression of the R420H subunit impaired execution of the startle response to tactile stimuli, reducing the amplitude and increasing the variability of muscle contractions that generate the C-start and subsequent counterbend. These changes in motor behavior are reminiscent of gait changes in human ataxia, which is characterized by decreased step length and increased variability of step size (Palliyath et al., 1998) . Thus, ataxia in humans and expression of the dominantnegative R420H subunit in zebrafish result in a decrease in the precision and amplitude of sequential steps in a motor program.
The all-or-none startle response is initiated when one of the Mauthner cells fires a single action potential (Liu and Fetcho, 1999; Korn and Faber, 2005) . Therefore, the reduced precision and amplitude of the startle response in R420H-expressing zebrafish result from changes in circuit function that occur after the Mauthner cell fires. Given the simplicity of the circuit underlying the startle response and the essential role of CaP neurons in driving the behavior, our results strongly suggest that reduced CaP excitability, including decreases in sustained firing, is a significant factor underlying the weaker and more variable muscle contractions observed during the startle response in R420H-expressing animals (McLean and Fetcho, 2009 ). This does not preclude the possibility that changes in the activity of other Kv3-expressing cells also contribute to the locomotor phenotype.
Decrease in CaP excitability reflects the role of Kv3 channels in facilitating sustained, high-frequency firing in neurons Our data strongly support the conclusion that reduced CaP excitability and the locomotor phenotype were directly caused by the subfamily-specific dominant-negative effect of R420H on Kv3 current amplitude (Waters et al., 2006) . The R420H subunit significantly decreased the amplitude of outward currents in CaP neurons, but had no effect on the amplitude of inward currents. Importantly, the decrease in K ϩ current amplitude was correlated with reduced excitability in CaP neurons. This seemingly paradoxical result is consistent with the known physiological role of Kv3 channels (Rudy and McBain, 2001) . Whereas reducing the amplitude of most K ϩ currents would be expected to increase neuronal excitability, this is not the case for Kv3 channels, which have a low open probability at the resting potential and at threshold (Rudy and McBain, 2001) . Rather, Kv3 channels open primarily during action potentials to promote fast spike repolarization and rapid recovery of voltage-gated Na ϩ channels from inactivation. The R420H subunit decreased the average firing frequency, the capacity for sustained firing and action potential amplitude during evoked firing, consistent with the accumulation of Na ϩ channel inactivation. In addition, the SCA13 mutation tended to increase action potential duration, reflecting the role of Kv3 current in spike repolarization.
Zebrafish is an excellent model system for investigating pathogenic mechanisms in SCA13
The zebrafish is a vertebrate model system with significant advantages for investigating neuronal development and great potential for analyzing nervous system function and the neural control of behavior (Brustein et al., 2003; McLean et al., 2007; Fetcho et al., 2008; Moreno and Ribera, 2009 ). The zebrafish is attractive as a model system for SCA13 for several reasons. First, locomotion is under cerebellar control in both zebrafish and higher vertebrates (Volkmann et al., 2008; Bae et al., 2009) . Second, a variety of motor behaviors, including the startle response, evoked and spontaneous swimming, the vestibuloocular reflex, the optokinetic reflex, and the optomotor response, develop during the first week postfertilization (Baier, 2000; Brustein et al., 2003) . These behaviors are highly reproducible and amenable to quantitative analysis. Third, neurons that control a variety of locomotor behaviors are accessible for electrophysiological analysis (McLean et al., 2007; Moreno and Ribera, 2009 ). Furthermore, the activity of zebrafish neurons can be recorded optically in living animals . We have shown that the novel gating properties of mammalian Kv3 channels are conserved in zebrafish Kv3.3, consistent with its role in facilitating fast, repetitive firing (Mock et al., 2010) . SCA13 mutations have similar functional effects in zebrafish and human Kv3.3 channels (Mock et al., 2010) .
Although ataxia in SCA13 is mainly cerebellar in origin, in this initial study we chose to investigate the effects of a SCA13 mutant subunit on the startle response, a behavior that does not require cerebellar input, for the following reasons. First, we have established that Kv3.3 is expressed in the fast-spiking CaP neurons that innervate the deep ventral musculature and thereby drive the startle response (Liu and Westerfield, 1988; Liu and Fetcho, 1999; McLean et al., 2007; McLean and Fetcho, 2009) . Second, the behavior is well characterized, amenable to quantitative analysis, and controlled by a simple circuit, making it feasible to identify neurons whose excitability is affected by R420H (Korn and Faber, 2005) . Third, as in humans, the startle response emerges early in zebrafish development, within the window in which injected RNA is expected to be actively transcribed (Burgess and Granato, 2007; McLean and Fetcho, 2009 ). The RNA expression strategy takes advantage of the fact that R420H does not function in cells that do not normally express Kv3 channels. In addition, the expression level can be controlled by varying the amount of RNA injected. As a result, we were able to obtain a mild phenotype, making it feasible to determine whether the SCA13 mutation caused quantitative differences in a well characterized behavior. Our R420H-expressing animals developed normally and were able to carry out genuine startle responses, identified by the rapidity of the initial muscle contraction (the C-start) (data not shown) and the fact that a significant fraction of responses in R420H animals were within the range seen in control animals (Fig. 9) .
To investigate the role of Kv3.3 activity in excitability and locomotor control in zebrafish, we chose the dominant-negative approach rather than morpholino-mediated knockdown of Kv3.3 expression because SCA13 is not caused by a simple reduction in Kv3.3 function (Waters et al., 2006) . A dominant-negative subunit will reduce the expression not just of Kv3.3 but also of any other Kv3 subunit expressed in the same cell. This may be particularly important for the etiology of SCA13 because mammalian neurons tend to express more than one type of Kv3 subunit. For instance, Purkinje cells express a combination of Kv3.3 and Kv3.4, whereas cerebellar granule cells express Kv3.3 and Kv3.1 (Weiser et al., 1994; Martina et al., 2007) . Significantly, knocking out Kv3.3 in mice generates at most a subtle locomotor phenotype, whereas knocking out Kv3.3 and Kv3.1 simultaneously is much more severe, consistent with the idea that the dominant nature of the SCA13 mutations is an important factor in the development of the disease (Matsukawa et al., 2003) .
In this study, we have shown that expression of a SCA13 mutation alters the functional activity of fast-spiking, Kv3.3-expressing neurons in vivo and impairs locomotor behavior. Changes in excitability and behavior are directly attributable to the dominant-negative effect of the SCA13 mutant subunit. Our data provide strong evidence that changes in neuronal excitability initiate pathogenesis in SCA13. To identify cellular mechanisms responsible for SCA13, it is essential to investigate the relationship between altered neuronal function, locomotor deficits, and changes in neuronal viability. Our results establish zebrafish as an excellent vertebrate model system for investigating pathogenic mechanisms that may contribute to the etiology of SCA13 and other human diseases that affect the structure and function of the nervous system (Flinn et al., 2008; Carlson et al., 2009; Kabashi et al., 2010) .
